1. Metabolic constraints are the usual explanation for the relationship between body size and species abundance in natural assemblages of animals. In some assemblages, abundance scales with body weight to the -075 power. Metabolic rate scales as weight raised to the (plus) 0-75 power, therefore, on average equal amounts of energy are available to each species in a community. This equality has been taken as evidence that a species' abundance is limited by its energetic requirements.
Introduction
Reviews of the relationship between body size (measured as weight) and population density in animal assemblages show linear relationships on logarithmically transformed scales (Damuth 1981 (Damuth , 1987 Peters 1983; Peters & Raelson 1984) . Damuth (1987) has suggested that the slopes of these relations approximated -0-75 using ordinary least squares (OLS) regression [but -1*0 using reduced major axis (RMA) (LaBarbera 1987; Griffiths 1992) ]. Since body weight scales with metabolic rate to the (plus) 0-75 power (Kleiber 1962) , the -0-75 exponent between size and abundance has been taken as evidence that a species' abundance is limited by its energetic requirements. On average, equal amounts of energy are available to each species in a community. This is the so-called 'energetic equivalence rule' (Damuth 1981 (Damuth , 1987 (Damuth , 1991 Nee et al. 1991b ). We illustrate this first idea on One criticism of the metabolic rate argument is 694
Medium-boded ifMdw-odk Smtbodmd~~~~~~~~~~~~~~~i lo* Fig. 1 . A sketch of the energetic equivalence hypothesis. For artistic convenience we show only three body sizes (s medium, and large) over what in reality would be a continuum. For each body size there is an underlying frequency bution of the logarithms of species abundance ('frequency' refers to the number of species in each abundance class The energetic equivalence hypothesis is based on the empirical decline in average abundance versus body weight ha a slope of -0-75. (b) Only the most abundant species may be energy limited, so it is the upper bound of log abundan the central tendency) that shows a slope of -0-75. [Note that this figure, and equivalent developments and elaborations (Figs 2 and 4), are drawn for artistic convenience with abundances increasing to the left. Conventionally, such frequency distributions have abundances increasing to the right, achieved by turning the present figures through 1800. A semantic problem arises in referring to the tails of these distributions in the text (e.g. p. 697). In the conventional representation, and in the text, the 'left-hand tail' refers to the rarest species; in Figs 1, 2 and 4, rare species in the 'left-hand tail' actually lie on the right of each distribution.] that it assumes energy to be equally available to species of all sizes (Lawton 1989) . As an assumption it is hard to justify and there is evidence that it is false. In North American birds at least, large species control a larger proportion of resources than predicted by an energetic equivalence rule, and small species less (Maurer & Brown 1988) . Furthermore, all species in these assemblages are very unlikely to be energy limited (Lawton 1991) . Many small species are no more abundant than many large species. In at least one case where an assemblage exhibits a clear negative relationship between log weight and log abundance with a slope of about -0 75, energy is known not to be limiting (Marquet, Navarette & Castilla 1990 ).
Even if all species cannot be energy limited, the most abundant species may be (Lawton 1989 (Lawton , 1991 Blackburn, Lawton & Perry 1992) . The negative upper bound slopes (NUBS) of several such assemblages approximate to -0*75 (Blackburn et al. 1992; Blackburn et al. 1993 ; see also Griffiths 1992) . Griffiths (1992) has argued that, statistically, these upper bound slopes are indistinguishable from slopes predicted by the energetic equivalence theory. This provides support for the argument that the availability of energy constrains the abundances of the most common species in assemblages. We illustrate this idea in Fig. lb; we call this the 'friendly amendment' to the energetic equivalence hypothesis. Yet again, these metabolic arguments about upper limits of species abundance assume that equal amounts of energy are available to different sized animals and, as we point out above, this is unlikely.
An important criticism of many of these earlier studies is that the data are not samples of whole communities, but are compendia from the literature, which may under-estimate the number of rare species and small-bodied rare species in particular (Brown & Maurer 1987; Morse, Stork & Lawton 1988; Lawton 1989 Lawton , 1991 . Later studies sampling whole assemblages of taxonomically similar animals reveal different relationships between size and abundance, with intermediate-sized species typically having peak abundance. The scatter in these relationships has been described using polygons, the boundaries of which may represent deterministic upper bounds (Brown & Maurer 1987; Morse et al. 1988; Lawton 1991) . Peak abundances tend to occur in small to intermediate body size classes, and decline towards both the smallest and largest size classes.
These polygons typically show either no overall correlation between body size and population abundance (Morse et al. 1988; Basset & Kitching 1991; Novotny 1992) or a weak OLS negative relationship of slope much shallower than -0-75 (Brown & Maurer 1987; Gaston & Lawton 1988; Blackburn et al. 1993 ; but see Marquet et al. 1990; Nee et al. 1991b; Griffiths 1992) . In sum, while some real assemblages appear to support the energetic equivalence hypothesis, many do not. Indeed the same is true for the relationships derived from species compendia, which actually show OLS slopes in the range -0-5 to -1-2 (Peters 1983 ).
Drawing these arguments together, we suspect animal abundance there is a tendency to draw attention to log abundance; log body size plots that have OLS slopes close to -075, because these are consistent with a simple theoretical explanation based on per capita energy demands. However, this theoretical expectation rests on some tenuous assumptions, and there are at least as many cases in the literature of empirical log body size: log abundance plots where slopes are significantly different from -075. Might there, therefore, be a non-metabolic explanation that generates slopes for log body size: log abundance plots consistent with empirical observations? Such a nonmetabolic explanation ought to generate OLS slopes for the most abundant species in the assemblage that embrace -075, and span the range of empirically observed slopes.
Non-metabolic arguments about expected slopes
The first alternative to energetic limitation of abundance is that these body size: abundance plots may be no more than one might expect statistically. Let us suppose that the number of species varies with body size (it does, the variation is substantial and we will discuss it shortly). Let us further suppose there are more small-than medium-than large-bodied species (we show shortly that this is often, but not always, true). In Fig. 2 , we explore the results of these assumptions. Although the underlying distributions of small-, medium-and large-bodied species are the same, the range of abundances varies. There is a larger sample of small-than large-bodied species, so we will find small-bodied species that are both more abundant and less abundant than large bodied species (Fig. 2a) .
The unavoidable mechanics of sampling real (not model) species now enters the picture. There will be a 'veil' over the rarest species -those that sampling efforts are very unlikely to detect (Fig. 2b) . So in real assemblages we will not see the patterns in the rarest species. Scatter plots will be truncated at the low abundances, the greatest abundances will decline with increasing body size, and regressions of abundance versus body size will be significantly negative.
If the intermediate-sized species were the most speciose size class, then this size group would contain the most abundant species (and, yes, the least abundant species too, which we would not sample). The peak in the 'polygon' and the appearance of a changing (i.e. declining) upper bound in abundance as species get both larger and smaller are simply sampling effects (Blackburn, Harvey & Pagel 1990 ).
Given these simple sampling considerations and however plausible it appears to be at first sight, we The 'veil': rore spec will not be sampled declines with increasing body size. If all species abundances were sampled, the range would be bounded by the dashed lines in the Figure. (b) In reality, there is a 'veil' imposed by the practical aspects of sampling. Only those species with more than a threshold abundance will be sampled. Consequently, the resulting scatter of points is triangular and regressions of log abundance versus body size will yield negative slopes. The increase in the minimum abundances with body size is hidden by the veil. 1988), then a knowledge of any two of these relationships will necessarily provide information on the third (Harvey & Lawton 1986; Morse et al. 1988) . If the log-normal distributions of species body sizes and species population abundances both have theoretical explanations, we may not require an energetic explanation for the relationship between body size and abundance. [As a technical aside, note that concatenating two log-normal distributions will theoretically produce NUBS that are convex, not linear, although the degree of curvature is difficult to predict. In practice, we find that NUBS are either not significantly curved, or, rarely, concave (Blackburn et al. 1993 ).]
With these arguments in place, we can now examine the hypothesis that patterns of abundance versus body size can result purely from underlying lognormal frequency distributions of species of different body sizes and population abundances. We concentrate on upper bound slopes (to the right of the mode of the most abundant species) because it is species at this boundary which are considered most likely to be energy limited (Lawton 1989 (Lawton , 1991 , and we wish to see whether alternative, non-metabolic arguments predict slopes for these most abundant species that are consistent with empirical observation. We can generate three possible ranges for upper bound slopes, depending upon the details of our assumptions.
1. The null hypothesis posits that the underlying distribution of abundances is independent of body size (Fig. 2a) . It recognizes, however, that the number of species is not independent of body size. May of log abundance versus log body weight should be in the range -0*49 to -0-65.
Preston (1962) argued that species abundances
were not only log normally distributed, but that the distribution was 'special': he called it canonical.
This special feature imposes a relationship between the mean and the variance of the distribution. May (1975) has explored the various algebraic consequences imposed by this relationship. The most useful one is InS = 2o2 where S is the number of species, InS its natural logarithm and aY is the standard deviation of the log abundances. Suppose we have 10 large bodied species and 100 small bodied species.
The latter will have a larger standard deviation, if the canonical assumption holds, than the arguments in prediction (1) where we assumed standard deviation would be constant. From May, we obtain the ratio of the standard deviations as (ln 100/ln 10)0.5. This is the square root of 2. This ratio is dependent on the absolute value of the number of species; it falls to square root of (3/2) for 100 versus 1000 species. These values scale the slopes derived earlier.
So, for a constant minimum population size, the slope of log maximum abundance versus log body weight becomes root 2 (0-98*-2/3) for 10 to 100 species, and root (3/2) (0.73*-2/3) for 100 to 1000 species. Thus, for reasonable species numbers the slopes will be steeper than the purely statistical hypothesis, being on the order of -0*6 to -0*92.
If the underlying species: abundance distribution is canonical, values less than this (more negative) will indicate changing minimum population sizes (see below).
3. Finally, let us consider the assumption of a minimum population size. Suppose there is no minimum population size. The statistical arguments presented in (2) predict that with more species, there are more abundant species and more rare species. This is unlikely and we show a more probable scenario in Fig. 4 (see also Lawton 1991) .
Although measuring the amplitude of population variability is far from straightforward (see McArdle, Gaston & Lawton 1990, and Schoener & Spiller 1992 , for discussion), on present evidence, smallbodied species vary considerably from year to year while larger-bodied species vary less (Pimm 1991 (Fig. 2) predicts that the species will be much rarer than the species. This is unlikely, for reasons More likely, the minimum population small-bodied species, as shown here. If th distribution is then shifted upwards by the lower bound, the abundance of the most abundant species declines much more rapidly than predicted by the null hypothesis (Fig. 2) . How much less will be determined by the unknown slope of the relationship between minimum population size and body size, and whether maximum population sizes are sensitive to minimum sizes.
We tested these predictions against negative upper bound slopes from a number of real assemblages.
Results Blackburn et al. (1993) present negative upper bound slopes, calculated using the method described in Blackburn et al. (1992) , for 24 natural assemblages. Table 1 
Discussion
We show that the slope of observed upper bounds of plots of the logarithm of body size against the logarithm of abundance from natural assemblages can be the simple result of the underlying species size and species abundance distributions. The con- Table 1 . Ranges of negative upper bound slopes predicted by each of the models presented in the Methods section, together with the number of assemblages from Blackburn et al. (1993) conforming to the predictions of each model. We cannot calculate precise confidence intervals for NUBS using the method developed by Blackburn et al. (1992) , because confidence intervals vary with the number of sampling intervals employed, and the method trades precision of the estimated slope against the magnitude of the confidence interval. Accordingly, in these comparisons we have used slopes calculated for real data without confidence intervals, and assume that data conform to one (or more) models if the fitted slope lies within the limits predicted by the model. Note that four assemblages conform to the predictions of both the energetic constraint and One of the simplest models generating canonical log-normal patterns of species abundances is Sugihara's sequential niche breakage model (Sugihara 1980 ). The exact interpretation of the translation from niche to abundance in Sugihara's and other models is subject to debate (Harvey & Godfray 1987; Sugihara 1989; Pagel et al. 1991) . Perhaps it is this generality in the what-is-it-that-is-beingpartitioned that leads to the model's success (it need not be energy, for example; it could be physical space or 'predator-free space'). Tokeshi (1990) reviews other models generating species abundance patterns of varying degrees of realism. Space does not permit a detailed discussion of all these models.
Suffice to say there are a variety of plausible ecological and evolutionary mechanisms that can generate species frequency distributions similar to those seen in nature; some of these models generate canonical log-normal distributions, but others do not. Many real species abundance distributions are not, in any case, canonical (Preston 1980; Wright 1988; Pagel et al. 1991 ), and our model of the size: abundance distribution does not depend on canonicity.
Why are species body sizes also approximately log-normally distributed? This question has puzzled ecologists from Hemmingsen (1934) onwards (Lindsey 1966; May 1978; Dial & Marzluff 1988) .
The principal feature of the distributions is the decrease in number of species with increasing size (that is, the distributions are truncated, though many of Hemmingsen's compilations show the mode). If a large number of processes act multiplicatively and largely independently on some measure, as might be the case with the evolution of body size, the resulting frequency distribution of that measure will be approximately log-normal (May 1975) . Alternatively, there may be biological reasons why body sizes are log-normally distributed. Smaller-bodied species may: (i) speciate faster; (ii) be able to occupy more niches (Hutchinson & MacArthur 1959; Morse et al. 1985; Shorrocks, et al. 1991 ; though more species could be used to argue more niches and vice versa); (iii) have smaller minimum population sizes (which seems unlikely -see below); or (iv) have more even species abundance distributions (which J.H. Lawton & S.L. Pimm permit more species for a given number of total individuals) than larger-bodied species (Lawton 1991) [a variety of different distributions of sequential partitioning is possible with current models, some leading to highly even abundance distributions, others to very uneven ones (Sugihara 1980; Tokeshi 1990 )].
One consequence of the statistical null hypothesis is that the minimum population size decreases with body size (Fig. 2) . This is unlikely to be true.
Although the apparently simple exercise of measuring the amplitude of population fluctuations is not straightforward (see above), on present evidence small-bodied organisms, like aphids, often fluctuate in density from year to year to a degree that would ensure the frequent extinction of many large-bodied species, like birds -even those considered quite common (Pimm 1991) . The minimum viable population size of small species is likely to be larger than for large species, eliminating rare, small-bodied species from real assemblages (Lawton 1989 (Lawton , 1991 but see Tracy & George 1992 , for an alternative view). Assuming that the minimum population size at a given body size is related to the maximum (an intriguing, but untested assumption), it follows that real assemblages will have steeper slopes than the statistical null model predicts and this is indeed what we see.
We have argued that the relationship between population abundance and species body size (or, more formally, between maximum abundance and body size) may not, as is widely presumed, arise from simple energetic considerations. Rather, it may be a consequence of combining two other relationships, namely the number of species of different body size and the frequency distribution of population abundance in the assemblage being sampled. Contrasted with the apparently simple explanation that energetic constraints determine maximum species abundances we should not overstate our case. As we have pointed out, the 'simple' energetics rule is not, in fact, simple. We draw attention to the fact that any set of things whose abundances are determined by the product of a large number of independently interacting factors will tend to have a log-normal frequency distribution (May 1975) . Concatenating two such distributions, one for species abundance and one for species body size, provides an alternative, non-metabolic explanation for the abundances of the most common species in animal assemblages.
It could be simple coincidence that the resulting range of slopes of the plot of log maximum abundance against log body size tends to embrace the slope of -0-75 predicted by energetics.
